Abstract 20
While investigating the role played by de novo lipid (DNL) biosynthesis in 21 cancer cells, we sought a medium condition that would support cell proliferation 22 without providing any serum lipids. Here we report that a defined serum free cell 23 culture medium condition containing insulin, transferrin and selenium (ITS) supports 24 controlled study of transcriptional regulation of de novo fatty acid (DNFA) production 25 and de novo cholesterol synthesis (DNCS) in melanoma cell lines. This lipid-free ITS 26 medium is able to support continuous proliferation of several melanoma cell lines that 27 utilize DNL to support their lipid requirements. We show that the ITS medium 28 stimulates gene transcription in support of both DNFA and DNCS, specifically 29 mediated by SREBP1/2 in melanoma cells. We further found that the ITS medium 30 promoted SREBP1 nuclear localization and occupancy on DNFA gene promoters. 31
Our data show clear utility of this serum and lipid-free medium for melanoma cancer 32 cell culture and lipid-related areas of investigation. 33 Introduction 34 de novo lipid (DNL) synthesis is the metabolic pathway that converts 35 carbohydrates into fatty acids, cholesterol, phospholipids, triglycerides, and other 36 cellular lipids required for normal cellular homeostasis and proliferation/growth. In 37 healthy adults, DNL is for the most part restricted to liver and adipose tissues for 38 energy storage or distribution to other tissues. Many malignant cancer cells also 39 exhibit elevated DNL as a hallmark adaptation to support proliferation and survival (1, 40 2). Among the DNL pathways, de novo fatty acid (DNFA) biosynthesis is of 41 particular interest as a potential therapeutic target for cancers (3, 4) . DNFA is 42 primarily regulated at the mRNA level of catalytic enzymes that drive the biosynthetic 43 reactions (5), a transcriptional process under the control of the sterol regulatory 44 element-binding protein 1 (SREBP1) (6) . However, DNFA gene regulation is still not 45 fully understood at the molecular level. Cell culture studies of DNFA with widely-46 accepted serum-containing medium conditions are often confounded by the presence 47 of external lipids, with consequent difficulty to disentangle the respective effects of 48 lipid synthesis and lipid update, both of which may occur even among cells that are 49 able to survive and proliferate using DNFA alone (6, 7) . 50
Most cell culture media are composed of serum supplements and basal media 51 (BMs), each of which may contain confounding factors for DNFA studies. Serum 52 typically contains external lipids in two forms: non-esterified free fatty acids (FFAs) 53 associated with albumin, and lipoproteins that carry triglycerides, cholesterol and 54 phospholipids encapsulated by apoproteins (8, 9) . Cells can take up FFAs via physical 55 diffusion across the cellular membrane (10) or via active transport aided by 56 membrane-associated protein CD36 or FATPs (11). Lipoprotein uptake occurs 57 through binding to cell surface receptors (e.g. LDL receptor; LDLR) and the bound 58 7 A375 is derived from a malignant melanoma tumor with highly metastatic amelanotic 133 feature (50, 51). Cell lines were cultured in RPMI-1640 medium (21870092, Thermo 134 Fisher Scientific) with 10% fetal bovine serum (Gibco), 2 mM L-glutamine (Gibco) 135 and 50 U/ml penicillin-streptomycin (Gibco) in a 37 °C incubator with 5% CO 2 . The 136 0% FBS medium contained RPMI-1640 medium, with 2 mM L-glutamine (Gibco) 137 and 50 U/ml penicillin-streptomycin (Gibco). The 1% ITS medium contained the 138 RPMI-1640 medium with 1 × Insulin-Transferrin-Selenium (ITS-G, Thermo Fisher 139 Scientific), 2 mM L-glutamine (Gibco) and 50 U/ml penicillin-streptomycin (Gibco). 140 141 Long-term culture in 1% ITS medium: HT-144, A375, and WM1552C 142 cells were maintained in 25 cm 2 flasks in 1% ITS medium. When melanoma cells 143 were approximately 80% confluent, they were rinsed with sterile PBS solution and 144 then detached with 0.5 mL trypsin solution (0.25%). The equivalent of 5 volumes of 145 pre-warmed plating medium (mixture of 1% ITS and 10% FBS media in 9: 1 ratio) 146 was added in order to inactivate trypsin. Cell suspension was pipetted into new flasks 147 at 1:6 split ratio and then topped up with plating medium. Newly passaged cells were 148 left at 37 o C for 1.5 hours to recover and settle on flask. Then the plating medium was 149 removed and changed to 1% ITS medium to remove any residual trypsin and FBS for 150 continuous culture. HT-144 and A375 cells were passaged in 1% ITS medium every 151 5-7 days, whereas WM1552C cells were passaged in 1% ITS medium approximately 152 every 10 days. 153 JUSO and WM1552C, and 1,000 cells per well for A375, Sixteen hours after seeding, 158 cells were washed twice with PBS buffer and then cultured in three different medium 159 conditions for 6 days. Relative cell viability was quantified for cellular metabolic 160 activities by alamarBlue cell viability reagent (DAL1025, Thermo Fisher Scientific 
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ACACA forward 5' -ATGTCTGGCTTGCACCTAGTA -3'
HMGCS1 reverse 5' -ATTGTCTCTGTTCCAACTTCCAG -3'
HMGCR forward 5' -TGATTGACCTTTCCAGAGCAAG -3' We also observed increased cell numbers 264 with light microscopy, confirming that the cell lines proliferated in both 10% FBS and 265 1% ITS medium conditions. We observed a growth plateau of HT-144, A375 and 266 WM1552C cells in 0% FBS medium, which lacks growth factors such as insulin, and 267 in which cells therefore remain quiescent. MEL-JUSO cells did not display a time-268 dependent increase of fluorescence reads in 0% FBS and 1% ITS medium conditions 269 with alamarBlue assay (S1C Fig) , which indicates that MEL-JUSO cells did not 270 proliferate in these two medium conditions, possibly related to its less transformed 271 phenotype (52). 272
The alamarBlue assay measures the fluorescence emission of resorufin 273 molecules converted from resazurin by reductants such as NADPH or NADH (53, 54). 274
The alamarBlue assay is thus an indicator of cellular NADPH/NADH concentration in 275 living cells. Because cytosolic NADPH serves as the reductant for biosynthesis 276 pathways such as lipid and nucleic acid synthesis, alamarBlue assay may provide a 277 hint regarding DNFA activity. Therefore, we compared the alamarBlue reads of cells 278 cultured in different medium conditions at day one, when they had the same cell 279 numbers in the three medium conditions. HT-144 cells cultured in 1% ITS medium 280 had the highest fluorescence reads, whereas those cultured in 10% FBS medium had 281 the lowest reads ( Fig 1B) . This result suggests that even when the cell number 282 remains the same, HT-144 cells cultured in 1% ITS possibly have higher 283 NADPH/NADH concentrations. We observed similar increases of alamarBlue reads 284 when culturing A375 and WM1552C cells in 1% ITS medium condition (S1D -S1E 285 To ensure that metabolic activities measured by the alamarBlue assay 288 represent the cell proliferation rate (55), we used CyQuant, a DNA-content based 289 assay, for confirmation. We measured the DNA content of four melanoma cell lines 290 cultured in three different medium conditions after six days of culture. We observed 291 that DNA contents for HT-144, A375 and WM1552C cell lines were significantly 292 higher in 1% ITS medium than those in 0% FBS medium ( Fig 1C, S1G 
and S1H Fig). 293
We observed no difference in DNA content in MEL-JUSO between 1% ITS and 0% 294 FBS medium conditions (S1I Fig) , consistent with the cell proliferation results from 295 alamarBlue assays (S1C Fig) . CyQuant assay results validated the finding that A375, medium. Since 1% ITS medium does not contain any external lipids, we reasoned that 298 the lipids employed under this condition for membrane synthesis and other cellular 299 needs during proliferation of A375, HT-144 and WM1552C cells are entirely derived 300 from DNFA. 301
To account for the possibility that elevated DNFA acts as short-term 302 adaptation to support cell proliferation after transfer to 1% ITS medium for culture, 303 we investigated the four melanoma cell lines in that medium for long-term cell growth. 304
We observed that cell lines derived from metastatic melanomas, A375 and HT-144, 305 are able to continuously proliferate under 1% ITS medium condition and were sub-306 cultured by six passages over 6 weeks ( including ACLY, ACSS2, ACACA, FASN, SCD, and ACSL1. We also examined the 351 expression of de novo cholesterol synthesis (DNCS) genes, including HMGCS1 and 352 HMGCR. HT-144 cells were seeded in 10% FBS medium, and then medium was 353 replaced with 0% FBS or 1% ITS medium and cultured for 24 hours before RT-qPCR 354 analyses. We observed a significant increase in the expression of DNFA (Fig 2A-2F We further observed significantly increased expression of SREBF1 and 368 SREBF2 genes in cells cultured in 0% FBS and 1% ITS medium conditions, 369 compared to 10% FBS medium ( Fig 2J and 2K) . These results suggest that SREBP1 370 and SREBP2 are transcriptionally activated in lipid-free and insulin-supplemented 371 conditions. Because SREBP1/2 can bind to sterol regulatory elements (SRE) located 372 in their own promoters, SREBP1/2 proteins possibly regulate their mRNA production 373 through auto-activation (56) and this mechanism may also contribute to elevated 374 DNFA and DNCS gene expression. 375
We additionally performed gene expression analyses of DNFA and DNCS 376 pathways in MEL-JUSO cells, which failed to proliferate in 1% ITS medium. MEL-377 JUSO cells were seeded in 10% FBS medium, and then medium was replaced with 0% 378 FBS or 1% ITS medium and cultured for 24 hours before RT-qPCR analyses. We and 1% ITS medium conditions to cells cultured in 10% FBS medium. However, the 382 increase in expression of SREBF1 (Fig 2E and S3E Fig) and certain DNFA genes 383 such as ACACA ( Fig 2C and S3C Fig) and SCD (Fig 2J and S3J Fig) were cultured in 10% FBS, 0% FBS or 1% ITS medium conditions for two days and 407 then assayed with RT-qPCR for DNFA ( Fig 3) and DNCS (Fig 4) gene expression. 408
In the group treated with scrambled siRNA (blue bars in Figs 3 and 4) , we 409 found that DNFA and DNCS gene expression was significantly elevated in 0% FBS 410 and 1% ITS medium conditions compared to 10% FBS, consistent with our 411 observations in Fig 2. However, DNFA gene expression is significantly lower in the 412 SREBF1 depleted group than in the scramble siRNA group, particularly in 0% FBS 413 and 1% ITS medium conditions ( Fig 3A-3F , statistical comparisons marked in black). 414 DNCS gene expression is significantly lower in the SREBF2 depleted group than in 415 the scramble siRNA group, in 0% FBS and 1% ITS medium conditions ( Fig 4A and  416 4B, statistical comparisons marked in black). Two-way ANOVA analysis detects a 417 significant interaction between SREBF1/2 depletion and medium condition for DNFA 418 and DNCS gene expression. This result provides a statistical indication that SREBP1 419 and SREBP2 participate in activation of lipogenic gene expression in 0% FBS and 1% 420 ITS conditions. We further found that SREBF1 siRNA has the greatest effect on 421 DNFA gene expression ( Fig 3A-3F) , and SREBF2 siRNA has the greatest effect on 422 DNCS gene expression ( Fig 4A and 4B ). LDLR appears to be regulated primarily 423 through SREBP1 rather than SREBP2 in HT-144 cells ( Fig 4C) . Our results are 424 consistent with known roles for SREBP1 and SREBP2 in activation of DNFA and 425
DNCS gene expression (57). 426
In the scrambled siRNA treated groups, we observed significantly higher 427 DNFA and DNCS gene expression in 1% ITS than in 0% FBS medium, suggesting 428 additional influence of the ITS supplement on DNFA gene expression (Figs 3 and 4 , 429 statistical comparisons marked in blue). In the SREBF1-depleted group, we observed 430 no significant increase of DNFA gene expression when comparing 1% ITS to 0% 431 FBS condition ( Fig 3A-3F , statistical comparisons marked in red). Similarly, in 432 SREBF2-depleted group there is no significant elevated expression of DNCS genes, 433 HMGCS1 and HMGCR, in 1% ITS medium compared to 0 % FBS ( Fig 4A and 4B , 434 statistical comparisons marked in green). Altogether, these results support the utility 435 of the 1% ITS medium condition to study SREBP1-and SREBP2-targeted 436 interventions to inhibit DNFA and DNCS respectively, in the absence of confounding 437 serum lipids. 438 
Fig 3. DNFA gene expression of HT-144 cells increases in ITS

ITS medium increases the level of nuclear SREBP1
467
To confirm that lipid-free and/or insulin-supplemented medium conditions 468 influence SREBP1 protein production in general and its nuclear form in particular, we 469 examined the cytoplasmic and nuclear levels of SREBP1 in HT-144 cells cultured 470 under the three medium conditions ( Fig 5A) . Our results revealed a dramatic increase 471 of nuclear SREBP1 in 0% FBS and 1% ITS medium conditions. However, we did not 472 observe a decrease of full-length SREBP1 in the cytoplasmic fraction from 0% FBS 473 and 1% ITS medium conditions. The overall SREBP1 protein level increased in 0% 474 FBS and 1% ITS medium conditions, which is likely due to transcriptional activation 475 of the SREBF1 gene ( Fig 2J) . 476
Consistent with the increased mRNA for DNFA genes (Fig 2D-2F ), there is 477 increased production of DNFA enzymes including FASN, SCD and ACSL1 in the 478 cytoplasmic fraction from 0% FBS and 1% ITS medium conditions. The increase of 479 DNFA enzyme production correlates with the increase of nuclear SREBP1. We 480 interpret this as evidence that lipid depletion combined with insulin supplement 481 greatly enhances the abundance of the SREBP1 nuclear form and thus stimulates 482 DNFA enzyme production. polymerase II) and histone marker H3K27Ac (a marker for active enhancers and 499 promoters) (60) on the promoter of DNFA gene SCD (Fig 6A-6D) . We observed a 500 significant increase of SREBP1 and CBP binding at the SCD transcription start site 501 (TSS) in 1% ITS relative to 10% FBS ( Fig 6A and 6C , statistical comparisons marked 502 in black). A corresponding slight increase of RBP1 at the SCD TSS site is not 503 statistically significant, however we observe a modest but significant increase in 504 RPB1 occupancy downstream of TSS in the gene body ( Fig 6B, statistical  505 comparisons marked in black), consistent with active RNA polymerase II elongation 506 (61). 1% ITS does not significantly increase the H3K27Ac signal at the SCD TSS nor 507 downstream in the gene body compared to 10% FBS (Fig 6D, statistical comparisons  508 marked in black). However, we observed abundant H3K27Ac signals in the gene 509 body for both 10% and 1% ITS (Fig 6D, statistical comparisons 
marked in blue and
Two-way ANOVA analysis detects significant interactions between gene 513 locus and medium condition in SREBP1 and RNA polymerase II ChIP-qPCR data. 514
This result indicates that 1% ITS significantly promotes enrichment of SREBP1 at 515 TSS region and RNA polymerase II at gene body region. We reason that, in 1% ITS 516 medium, the likely transcription regulation mechanism after SREBP1 binding 517 involves promotion of the transition from RNA polymerase II pausing to active 518 elongation (61). increases significantly in cells when cultured in 1% ITS as compared with other cell 544 culture conditions. We found that 1% ITS medium activates DNFA and DNCS gene 545 expression through the transcription regulators SREBP1 and SREBP2, respectively. 546
In particular, culturing cells in 1% ITS medium promoted the transcription activation 547 of SREBP1 and accumulation of nuclear SREBP1 protein, as compared with other 548 medium conditions, and cells cultured in 1% ITS medium exhibited further increased 549 binding of SREBP1 at a DNFA gene promoter, consistent with high SREBP1-550 dependent gene activation under this medium condition. 551
Unlike free fatty acids, free cholesterol and cholesteryl esters are only 552 minimally soluble in blood and must be transported within lipoproteins (62). 553
Lipoprotein-deficient serum (LPDS) is thus more efficient in removing cholesterol 554 and cholesteryl esters than fatty acids. LPDS has been used in lieu of full serum as an 555 activating medium for SREBPs, because it alleviates sterol inhibition (63). However, 556 LPDS contains free fatty acids that enter cells through passive membrane diffusion or 557 active transport through membrane receptors (64). LPDS has therefore also been used 558 for studies of cellular fatty acid uptake and lipid storage from extracellular fatty acids 559 (65). By contrast, ITS medium contains no external free fatty acids or lipoproteins. and DNCS. Thus, ITS represents an attractive culture medium as compared with 562 LPDS for studying DNFA-supported proliferation and cell survival of cancer cells. 563
Our results are consistent with the notion that active DNFA is sufficient for 564 cell proliferation in some malignant melanoma cell lines but not in others. participates when present, is not yet fully clear but may involve the AKT/GSK3 578 signaling pathway (67, 68). Interestingly, two metastatic melanoma cell lines seem 579 able to proliferate using only DNFA-derived lipids, whereas the two primary 580 melanoma cell lines evaluated have either limited or no proliferative capacity when 581 serum lipids are absent. Our study of four cell lines is too small to yield a conclusion 582 on DNFA in metastatic vs primary tumors, but at least hints that DNFA and DNCS 583 are important to tumor malignancy. Regardless, we believe that the 1% ITS medium 584 could represent a useful tool for a more comprehensive follow-up investigation of the 585 role of DNFA and DNCS in cancer proliferation and survival. 586
Our data indicate that insulin promotes both SREBP1 processing and 587 transcription. Nuclear SREBP1 was elevated in cells cultured in 1% ITS and 0% FBS 588 media, compared to 10% FBS medium. However, cytoplasmic SREBP1 precursor 589 levels remained similar in both 1% ITS and 10% FBS medium conditions. This could 590 indicate that SREBP1 precursor levels are maintained regardless of whether a portion 591 of SREBP1 has been processed and migrated into the nucleus. Combining these 592 observations with the gene expression data, we believe that insulin also has a 593 stimulatory effect on SREBF1 transcription in cancer cells, in agreement with 594 previous findings from liver studies (22, 38) . 595 DNFA is necessary for cell survival even in quiescent cancer cells that do not 596 need membrane lipid synthesis for proliferation. In those cells, fatty acid oxidation 597 (FAO) pathway hyperactivity has also been observed (69). DNFA and FAO are 598 antagonistic lipid metabolism pathways that compose a futile cycle in cancer cells, but 599 may represent a metabolic adaptation to promote cell survival under adverse (lipid-600 depleted) conditions (70). DNFA primarily relies on cytosolic NADPH derived from 601 the pentose phosphate pathway (PPP) by glucose-6-phosphate dehydrogenase (G6PD), 602 as well as malic enzyme (ME) and isocitrate dehydrogenase (IDH1), all of which are 603 direct targets of SREBP1 (71). Cancer cells frequently promote NAPDH synthesis to 604 support production of cellular anti-oxidants (e.g. glutathione) to counter elevated 605 reactive oxygen species (ROS). These metabolic adaptations together may then 606 represent a pro-survival mechanism, dependent on SREBP1. 607
Conclusions
609
In summary, we have identified and validated a serum-free and insulin 610 supplemented (ITS) medium condition that is well suited for controlled study of 611 lipogenic gene activation and its mechanism of action in melanomas, and perhaps 612 other cancer cell types. 
